The microstructure of filtered cathodic vacuum arc deposited tetrahedral amorphous carbon films is studied as a function of ion energy. An optimum energy window in the density and C-C sp 3 content at an ion energy of ϳ90 eV observed in this study. It is shown that the density of the amorphous carbon films are closely related to the sp 3 content. The observation of nanocrystals embedded in the amorphous carbon matrix is reported. Most of the crystals observed by transmission electron microscopy can be indexed to graphite, but some of the crystals can be indexed to cubic diamond. The chemical composition of the crystals is analyzed using electron energy loss spectroscopy ͑EELS͒. The only discernible EELS edge is that of C at an energy of 285 eV.
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Filtered cathodic vacuum arc ͑FCVA͒ deposited carbon films have the unique property of producing high quality diamondlike amorphous carbon films with a high sp 3 content.
1,2 The film properties are critically dependent on the ion energy of the species. The carbon plasma initiated from a graphite target by the vacuum arc is sustained during the deposition and macroparticles associated with the arc process are filtered using a 90°bend toroidal solenoid in the deposition system. We have investigated the relationship between the bonding structure in the films and the ion energy of the C species. At a particular threshold ion energy the particles found in the tetrahedral amorphous carbon ͑ta-C͒ films have been studied using transmission electron microscopy ͑TEM͒ and electron energy loss spectroscopy ͑EELS͒. Although there are reports that diamond nanocrystallites have been observed in diamondlike carbon ͑DLC͒ films deposited under low temperature and low pressure conditions, [3] [4] [5] [6] direct observation of diamond crystals in deposition techniques that do not operate at high temperatures and high pressures is not common. This is because graphite is the stable crystalline form of carbon under these conditions.
Highly tetrahedrally bonded ta-C films have also been deposited using laser initiated vacuum arcs, and pulsed cathodic arcs, 7, 8 and hydrogenated ta-C films deposited using a plasma beam source. 9 There is much interest in all of these films due to their unique mechanical properties. 7, 10 Recently, Yin et al. 11 have found cauliflower-like growths ͑nanocrys-tals͒ which cannot be indexed to graphite in their FCVA deposited films, which are considered to be precursors for diamond growth. 12 However, there has been no published literature on the observation of diamond nanocrystallites in ta-C films deposited using the FCVA. In this letter, we report on the observation of nanocrystallites that index to diamond, deposited under low temperature/low pressure conditions using such a system.
The FCVA films were deposited with a base pressure of 2ϫ10 Ϫ6 Torr which increased to 1ϫ10 Ϫ5 Torr during deposition. The substrate bias is varied from 0 to Ϫ120 V, while the arc current remained constant at ϳ60 A. A toroidal magnetic field of 40 mT was employed to produce the axial and curvilinear fields. The C ions leave the self-sustaining arc, which is struck between the anode and compressed graphite target, with an average energy centered at 28 eV. A Philips CM30 TEM operated at 100 keV was used together with a Gatan 666 parallel EELS system to analyze the microstructure of the films. A collection angle of 12 mrads was used to collect the EELS spectra. The sp 3 content was calculated using the method proposed by Berger et al. 13 by analyzing the C K edge EELS spectrum. The low loss plasmon peak gives the valence electron density which may be used to determine the mass density of the ta-C films.
14 The density measured is normalized to that of graphite.
The variation of the sp 3 fraction and the film density as a function of ion energy is shown in Fig. 1͑a͒ . A peak in both the sp 3 fraction as well as the density is observed at an ion energy of 88 eV. Peaks in the density versus ion energy curve seem to be system dependent for different research groups and have been observed at; 40, 92, 140, and a threshold value of 50 eV in the results of McKenzie, 15 Weiler, 9 Fallon, 2 and Lifshitz, 16 respectively. The films deposited in the current work 17 use a similar apparatus to those used by McKenzie 15 and Fallon
2
. The applied magnetic fields influence the optimum energy window that controls the energy at which the peak in density occurs. At higher magnetic fields more doubly charged C 2ϩ ions will be generated, 18 and thereby a larger ''thermal spike'' relaxation process will result as these ions will have more energy to dissipate before they come to rest. The doubly charged carbon ions will move the peak in the density and sp 3 content to lower ion energy a͒ Electronic mail: s.silva@ee.surrey.ac.uk values. The ta-C films deposited in this study used a magnetic field of 40 mT ͑sp 3 peak at 88 eV͒, whereas films deposited 19 in an identical FCVA system with magnetic fields of 12 and 24 mT gave C sp 3 distributions which peaked at 130 and 90 eV, respectively. The predicted shift in the peak in the sp 3 to lower values is therefore observed. Recent results suggest that a higher ion energy due to the higher magnetic fields which modifies the plasma potential may have a more significant effect than the mean charge state of ions in the plasma. 20 The observed sp 3 fraction of ϳ87% at a density of ϳ3.2 g cm Ϫ3 is comparable to the best results reported for ta-C films.
The peak in the sp 3 fraction and density occurring at the same ion energy is expected. The variation of the sp 3 fraction as a function of density for a number of research groups is shown in Fig. 1͑b͒ . Assuming that no sp 1 states and unsaturated bonds exist, the density of a nonhydrogenated carbon film must lie between those of graphite ͑2.25 g cm
Ϫ3
) and diamond ͑3.5 g cm
). Yet, as shown in Fig. 1͑b͒ the data for all the research groups lie above the line joining that of diamond and graphite. Cuomo et al. 21 used a ''rule of mixtures'' to give a relationship between the sp 2 /sp 3 bonds and density shown by the dashed line in the figure. Again, the fit to the data is not perfect and an overestimation of the density is predicted. The creation of a certain fraction of voids in the film is expected due to the C ions having a significant amount of energy when entering the amorphous carbon matrix.
A bright field image of a nanocrystalline region whose crystallites gives d-spacings close to those of cubic diamond is shown in Fig. 2͑a͒ . The number of nanocrystals that give a d-spacing close to that of diamond ͑under the electron beam͒ decreases with time due to charging. This is indicative that these crystals do not adhere well to the underlying ta-C film. The diffraction pattern from such a crystallite is shown in Fig. 2͑b͒ . The films/crystallites were too thick in general for high resolution electron microscopy. These crystals were observed only on films deposited at the highest ion energy of 148 eV. Clusters of isolated crystalline regions separated by large areas of amorphous regions are found in the films. There are two types of crystallites observed in the ta-C film. The majority of the observed crystallites are large ͑0.5-2 m͒ and graphitic in nature. Diffraction patterns observed for these larger crystalline regions seem to indicate that the graphite crystals are oriented with the 002 plane lying close to the normal to the Si substrate. 18 The graphite crystals show a large * contribution at 285 eV in the EELS spec- trum. The nanocrystals that cannot be satisfactorily indexed to that of graphite give an EELS spectrum with a much smaller * peak as shown in Fig. 3 . The diffraction pattern obtained from the diamond nanoparticles in the ta-C film ͓Fig. 2͑b͔͒ have six diffraction rings visible, with the inverse ratio of the peak-to-peak diameters ͑which is proportional to d hkl /d 111 ) following the sequence; Table I . The observed d spacing from the nanocrystals closely match those of cubic diamond.
The EELS data obtained from one of the diamond nanoparticles and that of the surrounding amorphous ta-C film is shown in Fig. 3 . A wide energy range EELS scan ͑0-1200 eV͒ of the particles and the ta-C film does not show edges that can be identified with impurities. Therefore, it is concluded that the diffraction pattern shown in Fig. 2͑b͒ is not due to an impurity such as a metal that could give rise to similar d spacings. Also the L edge due to oxygen is not present in the samples indicating the ta-C films are of good quality. When an analysis similar to that of Berger et al. 13 is performed on the C K edge EELS spectra, sp 2 contents of 12.7Ϯ5% and 14.8Ϯ5% are obtained for the background amorphous ta-C film and the observed diamond nanocrystallites, respectively. The EELS analysis indicates the chemical composition of the crystallites to be composed entirely of carbon, with a majority of its bonding structure being tetrahedral. Based on the fact that the chemical composition of the nanocrystallites is carbon, together with the diffraction data shown in Fig. 2͑b͒ , it is believed that diamond nanocrystallites are observed in the ta-C films under certain bias conditions. In summary, nanocrystallites having a chemical composition of carbon and giving a diffraction pattern that is within 2% of the published values of cubic diamond are observed in room-temperature deposited tetrahedral amorphous carbon using the filtered cathodic vacuum arc. The nanocrystallites may have formed either within the arc in the plasma phase or due to the kinetic processes involved in the rapid thermal quenching of the C ϩ /C ϩϩ ions. It is possible that graphitic macroparticles are necessary for the preseeding of the diamond nanocrystals as the majority of the crystallites found in the films are graphitic in nature. 3 . The electron energy loss spectra of the C K edge at ϳ285 eV for the tetrahedral amorphous carbon film and from a nanocrystallite whose diffraction pattern is shown in Fig. 2 .
